Abstract Polyamide bio-nanocomposites were successfully prepared using a surfactant-free approach. The clay morphology was fixed by dispersing the ammonium ion-exchanged clay in acetic acid. This was mixed with an acetic acid solution of the polyamide, and the composite was recovered by precipitation with water. The composites featured a mixed morphology containing some exfoliated clay sheets together with nano-sized clay tactoids. Bio-nanocomposites containing as much as 27.5 wt% clay were obtained. At this filler level, and depending on the temperature, the modulus was up to nine times higher than that of the parent polymer. Addition of clay also increased the glass transition temperature by as much as 5°C. This indicates that the high interfacial surface area, presented by the clay platelets dispersed in the matrix, significantly impaired the polymer chain mobility.
Introduction
Biopolymers originate from renewable resources such as plant oils and agro-industrial waste [1] [2] [3] [4] [5] [6] . Compared to equivalent petroleum-based polymers, biopolymers often feature relatively poor mechanical, physical and processing properties. These drawbacks plus higher costs make them less competitive and limit their use in most applications [7] . Addition of inorganic fillers can significantly contribute towards improving biopolymer properties, allowing them to be used in a variety of applications [4, 8] .
Reinforcing polymers with inorganic fillers is a common practice in the plastic industry to improve properties and to reduce production costs [9, 10] . Reinforcing polymers with layered silicate nanoclays can improve stiffness, increase heat resistance, lower gas permeability and decrease flammability [4, 11, 12] . Aspect ratios (length/thickness) greater than a thousand are possible [13] . Montmorillonite (MMT) is the most commonly used layered silicate. It is a hydrated alumina-silicate layered clay mineral consisting of an edge-shared octahedral sheet of aluminium hydroxide between two silica tetrahedral layers [9, 14] . Highly favourable polymer-surface interactions are essential for thorough clay sheet dispersion [15, 16] . Thus, it is conventional to organomodify these clays with cationic surfactants to improve compatibility with the polymer matrix and to facilitate delamination and exfoliation [9, 17] .
Dimer fatty acid-based polyamides are a special class of biopolymers derived from plant oils [1, 18, 19] . Compared to other polyamides, they feature lower water uptake and ease of processing (owing to a lower melt viscosity). Composites based on these materials have been characterized, and their properties have been studied using different approaches [3, 20] . However, to our knowledge, the properties of thermoplastic dimer fatty acid polyamide-clay nanocomposites have not yet been reported.
These bio-based polyamides are of low molecular mass and are soluble in a variety of organic solvents. They have amine end groups that are protonated when these polymers are dissolved in suitable carboxylic acids, e.g. acetic acid. This means that organomodification of the clays should be possible via solution intercalation of the polymer chains per se. Thus, it should, at least in principle, be possible to prepare clay nanocomposites without the need for organomodification with surfactants. In addition, the solution route should enable the preparation of nanocomposites with relatively high clay contents [21] . These are the ideas that were explored in the present study. Figure 1 provides a schematic outline of the conceptual approach that was followed in the present investigation.
Experimental

Materials
G & W Base and Industrial Minerals supplied Boane bentonite in purified form as a soda ash-activated dispersion. The pH of the bentonite slurry was 7.4, and the solids content was 19.2 wt%. The cation exchange capacity (CEC) of this clay was 0.70 meq/g. Acetic acid (glacial), ammonium chloride and acetone were obtained from Merck Chemicals and used as received. Euremelt 2138 is an amorphous copolyamide that was supplied by Huntsman. According to the supplier, this grade has a softening point in the range of 138 to 148°C and an amine value of ≤4 mg KOH/g polymer.
Sample preparations
The ammonium exchanged montmorillonite (NH 4 + -MMT) was prepared as follows: 200 g of the bentonite slurry was suspended in 500 mL of a 1-M solution of NH 4 Cl at a pH=5. The suspension was agitated on a shaker at a speed of approximately 200 rpm at RT for 2 h and centrifuged for 1 h. The supernatant was decanted and replaced with fresh ammonium chloride solution. This procedure was repeated four times. The NH 4 + -MMT was washed with a large volume of deionized water until all Cl − was removed (checked with AgNO 3 solution). The NH 4 + -MMT clay was then dispersed in glacial acetic acid at a solids content of ca. 10 wt%. This dispersion was used to prepare the polymer composites. One sample of the clay dispersion in water was washed two more times with deionized water and finally with neat acetone. It was allowed to air-dry before drying for 24 h in a convection oven set at 60°C. The dried sample was ground into powder with an aggregate particle size of <75 μm for further analysis.
A typical preparation procedure for the polyamide clay composites was as follows: A weighed amount of the polyamide was first dissolved in acetic acid, corresponding to 10 wt% of polyamide solution. In an 800-mL stainless steel container, a predetermined amount of 10 wt% NH 4 + -MMT dispersion in acetic acid was mixed at RT in a high shear mixer for 2 min. Then, 10 wt% of polyamide solution was added drop by drop. After completion, mixing was continued for another 10 min. Then, deionized water was added during the mixing process in order to precipitate the polymer bio-nanocomposites. The precipitate was separated from the solution by decantation. The generated composites corresponded to targeted loads of ca. 7.5, 15 and 30 wt% clay. The precipitates were washed with deionized water. They were then immersed in a large amount of deionized water for 6 days. The deionized water was replaced with fresh water on a daily basis. Following these steps, the composites were allowed to dry at ambient conditions. Finally, they were dried in a convection oven at 60°C for 24 h. Neat polyamide polymer was also subjected to the same procedure to prepare the sample used for property comparisons. Finally, thin polymer test sheets were made by hot pressing at temperatures between 160 and 180°C for 15 min.
Characterization
Major elemental analysis was executed on fused beads using an ARL9400XP+ X-ray fluorescence (XRF) spectrometer. Xray diffraction was conducted on a PANalytical X'Pert Pro powder diffractometer with an X'Celerator detector and variable divergence and receiving slits with Fe-filtered Co-Kα radiation (λ =0.17901 nm) in the 2θ range of 2°to 60°at a scan rate of 1.0°min
The surface morphology of the polymer composites was examined with a Zeiss Ultra 55 FESEM at 60 kV. Thin blocks of sample were cut from the specimens or obtained by fracturing at cryogenic temperatures. A transmission electron microscope (TEM) (JEM-1200EX, JEOL, Tokyo, Japan) (acceleration voltage 100 kV) was used to study the morphological structure of bio-nanocomposites. The TEM samples were prepared by dispersing the pristine polymer or the nanocomposites in acetic acid
) solution before depositing onto a 3-mm copper grid. Thermogravimetric analysis (TGA) was performed on a Mettler Toledo A851 TGA/SDTA instrument using the dynamic method. About 15 mg of the sample (clay or polymer) was placed in open 150-μL alumina pans. Temperature was scanned from 25°C to 1,000°C at a rate of 10°C min −1 with air flowing at a rate of 50 mL min . Melt viscosities were determined at 160°C in the steady shear, rotational mode. An Anton Paar Physica MCR301 rheometer with a CTD 600a convection hood and fitted with a 50-mm cone-and-plate measuring system was used. The gap was set at 51 μm, and the shear rate was varied from 0.1 to 40 s −1
.
Results
Clay characterization
The XRF-determined chemical compositions of the clay samples are presented in Table 1 . Both samples exhibited a high silica content that is attributed to the presence of ca. 35.7 wt% cristobalite as a major impurity [22] . The ammonium- modified bentonite showed a significant reduction in the sodium (2.11 %) and calcium (0.39 %) levels (described in terms of Na 2 O and CaO, respectively). This confirmed the successful ion exchange of these exchangeable inorganic cations with ammonium ions. Figure 2 shows the X-ray diffraction (XRD) patterns of the pristine clay (MMT) and the modified clay (NH 4 + -MMT). The pristine clay showed a strong reflection at 2θ =8.164°, corresponding to a basal spacing of 1.257 nm of the (001) planes. In NH 4 + -MMT, the (001) plane reflection shifted to 7.144°, corresponding to a basal spacing of 1.437 nm. This slight increase in the interlayer spacing of the modified sample suggests that the ammonium ion treatment conferred an effect on the clay.
The TGA results shown in Fig. 3 indicate that mass loss proceeded stepwise in all samples. The neat MMT sample showed a higher mass loss compared to the NH 4 + -MMT sample. The DTA signal (not shown) indicated endothermic peaks just below 100°C for both samples that were attributed to the loss of interlayer water. The endothermic peak was more intense in the neat clay, suggesting that the water content was higher. This was expected as the Ca 2+ and Na + ions have a stronger tendency for hydration than the NH 4 + ion.
Composite characterization
Mass loss curves vs. temperature of neat polyamide (as received but dried at 60°C for 24 h) and its clay composites are shown in Fig. 4 . The actual clay content levels of the bionanocomposites were determined from the relative mass loss values measured at 1,000°C for the modified clay and the bionanocomposites.
The mass loss up to 150°C is often associated with the moisture content of polyamides. This value was 0.15 wt% for the neat polymer and less than this for the composites. Up to 320°C, the measured mass loss values for the clay composites were lower than that of the neat polyamide, i.e. 2.7 wt%. In addition, they followed a similar trend in this temperature range. These observations indicate that the composites were free of residual acetic acid.
Only two major thermal events were observed in the TGA curves of the composites and the neat polyamide. The first stage of degradation involved major mass loss, commencing at 398, 408, 411 and 420°C for neat polymer and the composites with clay content of 7.9, 14.6 and 27.5 wt%, respectively. Figure 4 also shows that the composite samples were more stable than the neat polyamide under thermo-oxidative degradation conditions. Above 350°C, the neat polymer showed rapid mass loss, leaving a 10.5-wt% residue at 483°C. This was completely oxidized to volatile products between 520 and 1,000°C. Between 350 and 600°C, the residues of the polymer composites were higher than that observed for the neat polyamide. The presence of clay apparently enhanced thermal stability. This can be attributed to barrier effects preventing oxygen diffusion into the matrix and the release to the atmosphere of small molecule fragments generated during the thermal decomposition process [23] . In addition, it is clear from Fig. 4 that the degradation onset temperature was slightly higher for the clay composites. The DTG peaks (not presented here) indicate the temperature corresponding to the maximum degradation. These occurred at about the same temperature for the neat polymer and its composites, i.e. 463°C.
The XRD diffractograms of the polyamide-NH 4 + -MMT composites, shown in Fig. 5 , featured poorly defined reflections. The (001) plane reflections were broader and less intense but were located at approximately the same angle as for the NH 4 + -MMT clay. The lower intensity is consistent with a certain degree of disorder or even some clay exfoliation. Nevertheless, the presence of (001) reflections is indicative of the retention of neat NH 4 + -MMT clay structure rather than the formation of intercalated microstructures [24] . Intercalated structures form when the protonated polymer chains enter into the clay galleries causing expansions of up to 3 nm. Thus, intercalated structures form a more or less ordered multilayer structure of alternating polymeric and inorganic layers [17] . The present XRD patterns are not consistent with such a situation as the reflections did not shift to lower angles.
The SEM micrographs in Fig. 6 revealed significant changes in the morphologies of the fracture surfaces as the clay content increased [25] . Distinct clay agglomerates were not visible in the SEM, even at high magnification. However, dispersed clay tactoids were observed in all the claycontaining samples. These results indicate that the processing conditions were not effective enough to facilitate complete exfoliation or even intercalation of the clay particles. The fracture surface of the neat polyamide (not shown) was relatively smooth. Those for the bio-nanocomposites had a rough surface appearance. The roughness increased with clay content similar to previous observations [26] . Figure 6 also shows the outside surface texture of the sheet prepared using the composite containing 27.5 % clay.
Transmission electron micrographs can provide quantitative information on the morphology and internal structure of a nanocomposite including clay platelet separation, etc. [24, 27] . Illustrative TEM results for the present bio-nanocomposites are shown in Fig. 7 . The dark lines represent delaminated clay layers dispersed in the polymer matrix. The bionanocomposite with 7.9 wt% clay showed a significant number of individual exfoliated clay sheets dispersed together with thicker tactoids. In the bio-nanocomposite with 27.5 wt% clay, fewer exfoliated platelets were visible in the bulk and more clay tactoids were observed. Thus, as the clay content increased, the degree of dispersion decreased and the clay was present primarily as tactoids. A similar result was previously reported by Anilkumar et al. [28] . High particle aspect ratios are key for increasing the moduli of filled polymer composites [29] . The TEM micrographs show that even the tactoids featured very Fig. 6 SEM images of the fracture surfaces of the bionanocomposites with 7.9, 14.6 and 27.5 wt% clay. The micrograph at the bottom right shows the surface texture of the pressed sheet for the composite containing 27.5 wt% clay Fig. 7 TEM images of selected bio-nanocomposites high aspect ratios as their thickness corresponded to a few nanometers while their lengths reached 1 μm. Figure 8 reveals the effect of the clay on the loss factor (tan δ) for the composites. The T g values were associated with the peak temperatures of the tan δ -temperature curves. At a frequency of 100 Hz, the T g shifted from 9.8°C for the neat polymer to 14.5, 16.0 and 20.2°C for composites with a clay contents of 7.9, 14.6 and 27.5 wt%, respectively. In addition, the tan δ peaks became broader and weaker as the clay content increased. These increases in the apparent glass transition temperature (T g ) indicate that the presence of the clay significantly affected the mobility of the polyamide chain segments. Figure 9 shows the temperature dependence of the storage modulus (E′) at 100 Hz for the neat polyamide and its composites. All the compounds exhibited similar trends with the storage modulus decreasing with increasing temperature. This behaviour can be attributed to the increase in segmental polymer chain motions with temperature as the thermal energy overcomes the interchain hydrogen bonding interactions along the polyamide chains. As expected, the storage modulus values for the composites are higher than that of the neat polyamide in the range of evaluated temperatures. The upward shift indicates that the incorporation of clay remarkably enhanced stiffness, providing a good reinforcing effect. The E′ values for the composites improved as the clay content increased. At −30°C, i.e. well below the glass transition temperature (T g ) of the neat polyamide (T g =10°C, refer to Fig. 8 ), the storage modulus values of the composites with clay contents of 7.9, 14.6 and 27.5 wt% were respectively 1.23 (6.27 GPa), 1.74 (8.92 GPa) and 2.5 (12.8 GPa) times higher than that of pure polyamide (5.12 GPa). At 70°C, the corresponding ratio and modulus values were 1.99 (69 MPa), 4.97 (172 MPa) and 9.1 (315 MPa), respectively, with the modulus value for the neat polyamide equal to 35 MPa. These values and Fig. 9 in general show that the stiffness enhancement was less pronounced at temperatures below T g . This behaviour is related to the fact that, below T g , the polymer is in a glassy state where segmental chain motions are frozen. However, above T g , when the matrix polymer has a lower stiffness, the reinforcement effect of the clay particles was more prominent. This is attributed to the high surface area of the rigid clay that hampers segmental motions of adjacent polymer chains. This mechanism was previously used to explain the reinforcing action of rigid fillers with high moduli such as layered silicates [24] . The observed shift in the glass transition temperature, as the clay content is increased (Fig. 8) , supports this contention.
The rheological behaviour of molten bio-nanocomposites complements XRD and TEM information on the degree of exfoliation of clay platelets in a polymer matrix [30] . Figure 10 shows the effect of clay content and shear rate on the melt viscosity of polyamide-clay composites. The high viscosity at low shear rates points to strong interactions between the delaminated clay platelets and the polymer chains or, alternatively, the formation of network structures by clay particle interactions. Pronounced shear thinning indicates extensive clay exfoliation in a given system [30] [31] [32] . The nanocomposites' internal structure is retained at low shear rates, but at high shear rates, the clay network structures break down and the platelets tend to orient in the flow direction. The resulting platelet alignment decreases the apparent viscosity so that it approaches that of the neat polymer melt [31, 32] . This ability to reorient the silicate layers or tactoids in response to externally applied flows also controls the viscoelastic properties of the composites [33] .
Discussion
The present data are consistent with a mixed microstructure of exfoliated clay sheets and tactoids with a thickness of less than 50 nm. These thickness dimensions are most likely determined by the conditions the clay experienced in the acetic acid dispersion. According to Yariv and Cross [34] , clay tactoids may be regarded as associated colloids. The number of associated sheets present in the clay dispersion is determined by the balance between entropic effects that direct for complete exfoliation and electrostatic forces that direct for larger tactoids. Even in water medium, NH 4 + -MMT forms tactoids comprising several unit layers [35, 36] . Much larger tactoids are expected in acetic acid medium as it has a lower dielectric constant than water. Thus, it is likely that the protonated amine end groups on the polyamide chains only displaced the surface charges on the clay tactoids present in the acetic acid dispersion. This is supported by the fact that no evidence of polymer intercalation was found in the present study.
Conclusions
Clay bio-nanocomposites, based on a dimer fatty acid-based polyamide, were successfully prepared from ammonium ionexchanged montmorillonite clay. This new method did not employ any surfactants. The composites were made by mixing an acetic acid dispersion of partially delaminated clay particles with a solution of the polyamide in the same solvent. The composite was recovered via precipitation by adding water. TEM and XRD results confirmed the formation of a bionanocomposite with a mixed morphology containing some exfoliated clay sheets together with nano-sized clay tactoids. However, the XRD results indicate that the polymer did not intercalate into the clay galleries. This suggests that the clay morphology was fixed at the acetic acid dispersion stage. At best, the protonated amine end groups of the polymer chains only replaced the ammonium ions on the surface of the clay particles originally present in the acetic acid dispersion. This stabilized the clay platelets and compatibilized them with the polyamide matrix. Addition of 27.5 wt% clay increased the modulus of the parent polymer by up to a factor of 2.5 in the glassy region and by almost an order of magnitude in the rubbery region. The glass transition temperature (T g ) of the polymer increased by about 5°C when 27.5 wt% clay was added. This indicates that the high contact surface area presented by the dispersed clay platelets dispersed in the composites inhibited segmental polymer chain mobility. This implies an effective stiffening of the polymer matrix at temperatures above T g . This also explains the higher apparent reinforcing effect observed at temperatures above T g . In conclusion, the key finding of this work is that organomodification of clays with surfactants is not essential for the preparation of polyamide-clay nanocomposites.
